Quantum chemical investigations of the action of hindered phenol radical stabilizers in lubricant degradation chemistry have been completed. We are currently developing the first mechanistic models of lubricant degradation with the aim of including the chemistry of additives such as radical stabilizers that are found in commercial lubricant formulations. A key component of development of these models is obtaining reliable estimates of the kinetic parameters for all reactions. Specifically, rate constants and structure-reactivity correlations for the interaction of hindered phenol radical stabilizers with small peroxy radicals have been sought using quantum chemistry and transition state theory. Accurate thermodynamic properties of hindered phenol radical stabilizers and structure-reactivity relationships have been obtained. Such relationships provide researchers the ability to quickly estimate reactivity of hindered phenol stabilizers using their thermodynamic properties and therefore may be useful in additive design.
INTRODUCTION
Through more stringent environmental regulations and more demanding performance requirements, lubricant additive engineering is a field experiencing continued growth. Experimental studies of lubricant additives are numerous, and several volumes ¡ Address all correspondence to this author.
have been written discussing additive chemistry. [1, 2] A particularly important category of additives is free-radical stabilizers. These stabilizers work to impede thermal degradation, one of the main routes of lubricant degradation. The chief strategy employed to control this process is the addition of antioxidants which disrupt the free-radical mechanism and suppress propagation of radical intermediates. The research literature concerning antioxidants for use in lubricants is primarily experimental in nature. Research thus far has yielded important insights into the mechanism of suppression of radicals and, qualitatively, we now understand why radical stabilizers have been effective lubricant additives. However, there have not been any significant computational studies of radical stabilizers used for lubricant degradation. This is in spite of the enormous advances in computing technology over the past decade. Quantum chemistry and transition state theory have been used for many years in studying the reactivity of a wide range of systems. This work details our investigations into the reactivity of hindered phenol radical stabilizers using quantum chemistry. The main goal of this work is to develop correlations between the reactivity of such stabilizers and their structural or thermodynamic properties.
BACKGROUND
Over the past 15 years, research in lubricant degradation has included increasingly sophisticated computational work. Use of computer models to simulate lubricant degradation has yielded 
impressive results. [3] [4] [5] Computational studies of radical stabilizers would add to this growing body of work and allow computer models of lubricant degradation to include more of the relevant features of the chemistry. Quantum chemistry can be used to characterize the electronic structure and molecular geometry of reactants, transition states and products of reactions which are important for the radical stabilization process. The output of such simulations, combined with statistical mechanics, can be used to calculate key thermodynamic and kinetic parameters such as the enthalpy of reaction or rate constants. These kinetic and thermodynamic properties are an integral part of constructing reaction networks which describe lubricant degradation. In the particular case of hindered phenol stabilizers, these data are absent from the literature, hindering our ability to build more realistic models of lubricant degradation. In addition to the direct application of constructing realistic reaction networks of lubricant degradation, quantum chemical studies of radical stabilizers are useful to tribologists developing new additives. Researchers have long used quantitative structure-activity relationships, or QSARs, in investigating the link between reactivity of molecules and their structural/thermodynamic properties. [6] Such relationships, and the prescription for developing new relationships, would be a valuable tool for additive chemists.
RESULTS
Using the hybrid density functional B3LYP and the 6-31G* basis set, we used quantum chemistry to study the mechanism of 3,5-di-t-butyl-4-hydroxytoluene, or BHT, interacting with small peroxy radicals. The mechanism is shown in Figure 1. [2] The enthalpy and Gibbs free energy of reaction for two important reactions in Figure 1 were calculated and are given in Table 1 . These thermodynamic parameters can be correlated to structural features of the additive molecules as well as kinetic data such as activation energies. In addition to the heats of reaction, output from these calculations was also used to calculate individual heats of formation. For the family of hindered phenol stabilizers, such data are not easily measured by experiment. 
CONCLUSIONS
Stable structures of BHT, small peroxy radicals and their products were located and characterized. The potential energy surface (PES) along the reaction coordinate was also mapped, and transition state structures were identified. Statistical mechanics and transition state theory were used to calculate thermodynamic properties and rate constants. Energy barriers were estimated which allowed for assessment of the temperature dependence of stabilizing reactions. Correlations between the thermodynamic properties and the rate constants were sought which would allow the efficacy of other molecules as radical stabilizers to be predicted from thermodynamic properties that are more simple to calculate than kinetic parameters.
